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Abstract. The steady heat transfer problem in two-component gas mixtures of noble (monatomic) gases confined between two
infinite parallel plates having different temperatures has been investigated with the Grad 13- and 26-moment equations for Maxwell
molecules as well as for hard-sphere molecules. The heat flux normal to the plates is computed via the aforementioned models for
three gas mixtures, namely neon–argon, helium–argon and helium–xenon, for different mole fraction ratios. The heat flux profiles
computed through the Grad moment equations in this work turn out to be in reasonably good agreement with those obtained through
the discrete velocity method in [1].
INTRODUCTION
It is well-established that the classical fluid dynamics models, e.g., the Euler equations or Navier–Stokes–Fourier
(NSF) equations, are inadequate for gas flows in the transition regime [2–7]—commonly encountered in rarefied
situations, for instance in complex conduits of micro- and nano-devices and in reentry flows. Processes in rarefied
gases can also be described by the Boltzmann equation, which is solved for the velocity distribution function, the
fundamental quantity in kinetic theory of gases. Although, the Boltzmann equation is capable of describing processes
in all flow regimes ranging from hydrodynamic to free-flight regimes (i.e., for all values of the Knudsen number, which
is defined as ratio of mean free path to a macroscopic length scale pertaining to the problem), the direct solutions of
the Boltzmann equation are forbiddingly time expensive, particularly in the transition regime [4, 6].
To overcome these problems and aiming to reduce the high dimensionality of the velocity distribution function
in the Boltzmann equation to a low-dimensional continuum model, processes in rarefied gases can be described,
alternatively, through macroscopic models, which consist of the transport equations for physical quantities, such as
density, velocity, temperature, stress and heat flux. These quantities are related to the velocity distribution function
as its moments; and consequently, the transport equations in a macroscopic model are, in general, referred to as the
moment equations.
Moment equations obtained through the Grad moment method [8] and their variants, e.g. regularized moment
equations [6, 9–11], globally hyperbolic regularized moment equations [12, 13], quadrature-based moment equa-
tions [14] have proven to be quite successful in describing several non-equilibrium phenomena in rarefied single-
component monatomic gases efficiently and accurately, see e.g. [6, 11, 15–21] and references therein. Motivated
from the success of moment method for rarefied single-component monatomic gases, the present authors, in the last
few years, have extended the Grad moment method to multi-component monatomic gas mixtures interacting with
Maxwell [22] and hard-sphere [23] interaction potentials, and derived the regularized moment equations for two-
component monatomic gas mixtures of Maxwell molecules [24]. Recently, the method has also been extended to
single-component rarefied granular gases of hard spheres [25–27]. It is worth to note that the computation of full
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nonlinear production terms—the terms arising from the Boltzmann collision operator—associated with the moment
equations derived in these works is not easy, and the present authors have also developed an automatedway to compute
them using computer algebra software Mathematica R©, see [23, 28–30] for its details and [31] for the source code.
In this paper, Grad moment equations for multi-component monatomic gas mixtures derived in References [22,
23] are employed to investigate the problem of steady-state heat transfer in a gas mixture confined between two infinite
parallel plates having different temperatures. This is a classical problem in rarefied gas dynamics, since the steady
heat flux is one of the simplest examples of non-equilibrium through which different methods and approaches can be
examined and compared. The problem has been studied extensively by several researchers in the context of single-
component monatomic gases, see e.g., [32–38] and the references cited in [36, 37]. However, the same problem in the
context of gaseous mixtures has certainly received less attention and there exists only a handful number of papers in
the literature on this problem in the context of gaseous mixtures [1, 22, 39–45]. To the best of authors’ knowledge, the
first paper on heat transfer between parallel plates in the context of binary gas mixtures goes back to 1970s [39]. More
recently, Kosuge, Aoki, and Takata [40] have investigated the non-linear heat transfer based on the numerical solution
of the Boltzmann equations. Reference [41] studies the problem using the linearized McCormack kinetic model [46]
of the Boltzmann equations. Reference [1] also reports the results based on McCormack kinetic model, but uses two
interaction potentials, namely, the hard-sphere interaction potential and the so-called realistic potential. References
[42, 43] study the problem on the basis of linearized Boltzmann equations for binary gas mixtures with hard-sphere
interaction potential. Reference [44] studies the problem via linearized extended thermodynamics with 13 moments
for each constituent in a binary gas mixture. Reference [45] reports the results based on the DSMC method with an
implementation of the ab initio potential. The present authors have also studied this problem with Grad 26-moment
(G26) equations for each component in a binary gas mixtures of Maxwell molecules (MM) in [22].
In this paper, we investigate this problem for two-component gas mixtures with the systems of Grad 2 × 13-
moment (2×G13) equations as well as Grad 2 × 26-moment (2×G26) equations, both for MM and hard spheres (HS)
derived in [22, 23]. A part of it (the same problem with 2×G26 equations for MM) has already been presented in [22].
Notwithstanding, we shall include those results here as well for comparison purpose.
PROBLEM DESCRIPTION
Let us consider a gas mixture of two monatomic gases α and β confined between two infinite parallel plates placed
at x = ±L/2 and let the temperature of the left plate (at x = −L/2) and that of the right plate (at x = L/2) be
TLw = T0 + ε∆T˜w/2 and T
R
w = T0 − ε∆T˜w/2, respectively. The schematic of the problem is shown in Figure 1. Owing
to the temperature difference between the plates, the heat transfer takes place in the normal direction to the plates,
i.e., in the x-direction, and therefore, the y-axis in Figure 1 is shown just for illustration purpose. The temperature
difference between the plates ε∆T˜w is taken very small in comparison to T0 (a reference temperature) so that the
linearized equations and linearized boundary conditions are sufficient for the description of the process.
x
y
O
TLw T
R
w
L
FIGURE 1. Schematic of the heat transfer problem in a binary gas mixture confined between infinite parallel plates having different
temperatures; y-axis is included just for illustration.
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GRADMOMENT SYSTEMS AND BOUNDARY CONDITIONS
The problem is studied with the Grad moment equations for a multi-component gas mixture, which are derived
from the Boltzmann equation for each component. The detailed derivation of the Grad moment equations for a N-
component gas mixture can be found in [22, 23]. Here, we present the Grad moment equations for a monatomic
two-component gas mixture directly for the sake of succinctness.
Grad moment equations
The G26 equations—without any external force—for the component α in a binary mixture of monatomic gases α and
β read [22, 23]
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Note that the contribution from the other component β in eqs. (1)–(8) appear only on the right-hand sides of these
equations due to collisions of molecules of the gas α with molecules of the gas β. Furthermore, for γ ∈ {α, β},
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the quantities ργ, u
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in eqs. (1)–(8) are the density, diffusion velocity, temperature (in energy
units), stress and heat flux, respectively, of the γ-species in the mixture; m
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is third degree moment; R
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and ∆γ are,
respectively, related to the one-trace and full trace of the fourth moment and are defined in such a way that they vanish
in 2×G13 theory (see [23]); and the Einstein summation applies over the repeated indices i, j, k, l, etc. The additional
unknown vi is the hydrodynamic velocity of the mixture obeying the total momentum balance equation
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In the moment equations (1)–(8), the production terms Pa(α)
i1i2...in
for MM (denoted with subscripts ‘|MM’) and HS
(denoted with subscripts ‘|HS’) on ignoring the nonlinear terms and using the abbreviation θ = (θα + θβ)/2 read [23]
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In the production terms above,
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(24)
are the mass ratios of the α- and β-constituents, respectively, with mα and mβ being the masses of the α- and β-
constituents, and the collision frequencies ναα and ναβ are defined as
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The numerical values of the first few constants are a1 = 0.9673 ≈ 29/30, a2 = 1, a3 = 1.3416 ≈ 51/38.
The G26 equations for the β-component in the mixture can be written analogously by interchanging α and β
in eqs. (1)–(8) and in the production terms (10)–(23). The G26 equations for both the species along with the total
momentum balance equation (9) constitute the 2×G26 equations for a binary mixture of gases α and β. It should
be noted that the total momentum balance equation (9) is required as vi appears as an additional variable in the
2×G26 equation. Nonetheless, the diffusion velocities in a binary gas mixture are not independent and are related via
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+ ρβu
(β)
i
= 0. Consequently, the balance equation for the diffusion velocity of any one component (say, β) can
be discarded while including the total momentum balance equation. Thus, the number of independent equations in the
system remains equal to that in the 2×G26 system, and we still refer that system as the 2×G26 system. The system of
2×G13 equations can be obtained easily from the 2×G26 system by ignoring the balance equations for m(α)
i jk
, m
(β)
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, R
(α)
i j
,
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(β)
i j
, ∆α and ∆β and replacing these variables with zero in the other equations and corresponding production terms.
Boundary conditions
It is assumed that none of the gas molecules can penetrate through the walls; consequently, the normal components
(denoted by subscripts “n”) of the diffusion velocities of the gases in the mixture also vanish at the wall. This leads to
boundary conditions
u
(γ)
n
∣∣∣
wall
= 0 for γ ∈ {α, β}. (27)
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Typically, additional conditions on the mass conservation of individual constituents are also required which state that
the mass of the each constituent γ (γ ∈ {α, β}) in a given domain Γ must be equal to a given value M(γ)
0
, i.e.,∫
Γ
ργ dV = M
(γ)
0
, (28)
where dV is infinitesimal control volume in the domain Γ. The other boundary conditions are derived using the
Maxwell accommodation model [47]. For conciseness, the detailed derivation of the other boundary conditions is not
presented here but can be found in [23]. Ultimately, the remaining boundary conditions for the 2×G13 equations turn
out to be (γ ∈ {α, β}) [23]
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where n and ti denote the normal and tangential components, respectively; 0 ≤ χγ ≤ 1 is the accommodation
coefficient—used as a parameter for gas-wall interaction in the Maxwell accommodation model [47]—for the γ-
constituent in the mixture; Vti is the tangential component of the slip velocity V = v − vw with vw being the velocity
of the wall; θ
(γ)
w = kTw/mγ with k and Tw being the Boltzmann constant and the temperature of the wall, respectively;
and Pγ = ργθγ +
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The remaining boundary conditions for the 2×G26 equations turn out to be (γ ∈ {α, β}) [22, 23]
σ
(γ)
nti
= − χγ
2 − χγ
√
2
πθγ
[
PγVti +
1
2
ργθγu
(γ)
ti
+
1
5
q
(γ)
ti
+
1
2
m
(γ)
nnti
]
, (31)
q
(γ)
n = −
χγ
2 − χγ
√
2
πθγ
[
2Pγ(θγ − θ(γ)w ) +
1
2
θγσ
(γ)
nn +
5
28
R
(γ)
nn +
1
15
∆γ −
1
2
PγV
2
]
, (32)
m
(γ)
nnn =
χγ
2 − χγ
√
2
πθγ
[
2
5
Pγ(θγ − θ(γ)w ) −
7
5
θγσ
(γ)
nn −
1
14
R
(γ)
nn +
1
75
∆γ −
3
5
PγV
2
]
, (33)
m
(γ)
ntiti
= − χγ
2 − χγ
√
2
πθγ
[
1
5
Pγ(θγ − θ(γ)w ) −
1
5
θγσ
(γ)
nn + θγσ
(γ)
titi
+
1
14
R
(γ)
titi
+
1
150
∆γ +
1
5
PγV
2 − PγV2ti
]
, (34)
m
(γ)
nt1t2
= − χγ
2 − χγ
√
2
πθγ
[
θγσ
(γ)
t1 t2
+
1
14
R
(γ)
t1t2
− PγVt1Vt2
]
, (35)
R
(γ)
nti
=
χγ
2 − χγ
√
2
πθγ
[
6Pγ(θγ − θ(γ)w )Vti + PγθγVti +
13
2
ργθ
2
γu
(γ)
ti
− 11
5
θγq
(γ)
ti
− 1
2
θγm
(γ)
nnti
− PγV2Vti
]
, (36)
where Pγ = ργθγ +
1
2
σ
(γ)
nn − 128
R
(γ)
nn
θγ
− 1
120
∆γ
θγ
.
Linear-dimensionless moment equations in one-dimension
The equations and boundary conditions presented in the previous section are linearized around a reference state given
by constant number densities of individual components n0α, n
0
β
, a constant common temperature of the mixture T0 and
the other field variables being zero, i.e.,
vi = ε v˜i, nγ = n
0
γ + ε n˜γ, Tγ = T0 + ε T˜γ, u
(γ)
i
= ε u˜
(γ)
i
, σ
(γ)
i j
= ε σ˜
(γ)
i j
,
q
(γ)
i
= ε q˜
(γ)
i
, m
(γ)
i jk
= ε m˜
(γ)
i jk
, R
(γ)
i j
= ε R˜
(γ)
i j
, ∆γ = ε ∆˜γ, for γ ∈ {α, β},
 (37)
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where γ ∈ {α, β}, nγ = ργ/mγ is the number density of the γ-constituent, and tilde denotes the perturbed variables.
Note that the small parameter for linearization is ε, the one used to depict the different temperatures on the plates in
the problem. Furthermore, the resulting linearized equations are made dimensionless using the length scale as L (the
gap between plates), velocity scale as v0 =
√
kT0/m and time scale as L/v0, where m = x
0
αmα + x
0
β
mβ is the mean
molecular mass of the mixture with x0γ = n
0
γ/(n
0
α + n
0
β
) being the mole fraction of the γ-constituent (γ ∈ {α, β}) in
the reference state; and the other field variables are scaled with the appropriate combinations of n0α, n
0
β
and T0. The
dimensionless variables (denoted with hats) read (γ ∈ {α, β})
vˆi =
v˜i
v0
, nˆγ =
n˜γ
n0γ
, Tˆγ =
T˜γ
T0
, uˆ
(γ)
i
=
u˜
(γ)
i
(θ0γ)
1/2
, σˆ
(γ)
i j
=
σ˜
(γ)
i j
ρ0γθ
0
γ
,
qˆ
(γ)
i
=
q˜
(γ)
i
ρ0γ(θ
0
γ)
3/2
, mˆ
(γ)
i jk
=
m˜
(γ)
i jk
ρ0γ(θ
0
γ)
3/2
, Rˆ
(γ)
i j
=
R˜
(γ)
i j
ρ0γ(θ
0
γ)
2
, ∆ˆγ =
∆˜γ
ρ0γ(θ
0
γ)
2
,

(38)
where ρ0γ = mγn
0
γ, θ
0
γ = kT0/mγ and the quantities with hats denote the dimensionless perturbations in field variables
from their respective reference states.
For the problem under consideration, heat transfer takes place only in the x-direction. Therefore, it is convenient
to write all the equations in one dimension (1D). The linear-dimensionless G26 equations for the α-constituent in a
binary gas mixture comprising of the α and β gases in steady state (∂(·)/∂t = 0) at rest (vx = 0) read [23]
∂uˆ
(α)
x
∂xˆ
= 0, (39)
∂σˆ
(α)
xx
∂xˆ
+
∂Tˆα
∂xˆ
+
∂nˆα
∂xˆ
= − 1
KnΩ
x0β
(
δ1uˆ
(α)
x + δ2qˆ
(α)
x − δ3uˆ(β)x − δ4qˆ(β)x
)
, (40)
−3
2
∂uˆ
(α)
x
∂xˆ
+
∂qˆ
(α)
x
∂xˆ
= − 1
KnΩ
x0β
[
δ5
(
Tˆα − Tˆβ
)
+ δ6∆ˆα − δ7∆ˆβ
]
, (41)
∂mˆ
(α)
xxx
∂xˆ
+
8
15
∂qˆ
(α)
x
∂xˆ
= − 1
KnΩ
[
x0αΩα
(
σˆ(α)xx + δ8Rˆ
(α)
xx
)
+ x0β
(
δ9σˆ
(α)
xx + δ10Rˆ
(α)
xx − δ11σˆ(β)xx − δ12Rˆ(β)xx
)]
, (42)
1
2
∂Rˆ
(α)
xx
∂xˆ
+
7
2
∂σˆ
(α)
xx
∂xˆ
+
1
6
∂∆ˆα
∂xˆ
+ 5
∂Tˆα
∂xˆ
+
5
2
∂nˆα
∂xˆ
= − 1
KnΩ
[
2
3
x0αΩα
(
qˆ(α)x −
5
2
uˆ(α)x
)
+ x0β
(
δ13qˆ
(α)
x − δ14uˆ(α)x − δ15qˆ(β)x − δ16uˆ(β)x
)]
, (43)
9
35
∂Rˆ
(α)
xx
∂xˆ
+
9
5
∂σˆ
(α)
xx
∂xˆ
= − 1
KnΩ
[
3
2
x0αΩαmˆ
(α)
xxx + x
0
β
(
δ17mˆ
(α)
xxx − δ18mˆ(β)xxx
)]
, (44)
2
∂mˆ
(α)
xxx
∂xˆ
+
56
15
∂qˆ
(α)
x
∂xˆ
− 28
3
∂uˆ
(α)
x
∂xˆ
= − 1
KnΩ
[
x0αΩα
(
δ19Rˆ
(α)
xx + δ20σˆ
(α)
xx
)
+ x0β
(
δ21Rˆ
(α)
xx + δ22σˆ
(α)
xx − δ23Rˆ(β)xx − δ24σˆ(β)xx
)]
,
(45)
8
∂qˆ
(α)
x
∂xˆ
− 20∂uˆ
(α)
x
∂xˆ
= − 1
KnΩ
[
2
3
x0αΩα∆ˆα + x
0
β
{
δ25∆ˆα − δ26∆ˆβ + δ27
(
Tˆα − Tˆβ
)}]
, (46)
where
Kn =
ℓ
L
with ℓ =
5
16
√
π n0
(
x0αΩ
(2,2)
αα + x
0
β
Ω
(2,2)
ββ
) (47)
is the Knudsen number;
Ωα =
Ω
(2,2)
αα
Ω
(2,2)
αβ
and Ωβ =
Ω
(2,2)
ββ
Ω
(2,2)
αβ
(48)
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are the ratios directly related to the collisional cross sections; Ω = x0αΩα + x
0
β
Ωβ; and the coefficients δ8, δ19, δ20 are
constants while the other δi’s depend only on the mass ratios of the constituents given by (24). The explicit values of
δi’s are not given here for brevity but for MM and HS, they can be found in [23]. All the quantities in (39)–(46) and
henceforth are dimensionless.
The one-dimensional G26 equations for the β-constituent follow by interchanging α and β in (39)–(46), and the
total momentum balance equation (9) in the dimensionless steady-state form and in 1D reads
x0α
∂σˆ(α)xx
∂xˆ
+
∂nˆα
∂xˆ
+
∂Tˆα
∂xˆ
 + x0β
∂σˆ(β)xx
∂xˆ
+
∂nˆβ
∂xˆ
+
∂Tˆβ
∂xˆ
 = 0. (49)
Therefore, the system of linear-dimensionless 2×G26 equations for the problem under consideration consists of
equations (39)–(46), similar equations for the β-constituent and equation (49), where the balance equation for the
diffusion velocity of the β-constituent is discarded, and the diffusion velocity of the β-constituent in other equations is
eliminated in terms of the diffusion velocity of the α-constituent.
Analogously, the system of linear-dimensionless 2×G13 equations for the problem under consideration consists
of equations (39)–(43) with mˆ
(α)
xxx = mˆ
(β)
xxx = Rˆ
(α)
xx = Rˆ
(β)
xx = ∆ˆα = ∆ˆβ = 0, similar equations for the β-constituent and
equation (49), where the balance equation for the diffusion velocity of the β-constituent is discarded, and the diffusion
velocity of the β-constituent in the other equations is eliminated in terms of the diffusion velocity of the α-constituent.
Linear-dimensionless boundary conditions
For the above one-dimensional problem, the relevant boundary conditions associated with the 2×G13 equations are
conditions (27)–(30) for each constituent while those associated with the 2×G26 equations are conditions (27), (28)
and (31)–(33) for each constituent. Note that boundary conditions (29) and (31) for the problem under consideration
just imply that the slip velocity vanishes, i.e, V = 0, and the other boundary conditions—for the problem under
consideration—in linear-dimensionless form are as follows. Boundary conditions (27) and (28) read
uˆ
(γ)
x
(
−1
2
)
= uˆ
(γ)
x
(
1
2
)
= 0 for γ ∈ {α, β}. (50)
∫ 1/2
−1/2
nˆγ dxˆ = 0 for γ ∈ {α, β}. (51)
The remaining boundary conditions associated with 2×G13 equations, (30), read (γ ∈ {α, β})
qˆ
(γ)
x = −nx
χγ
2 − χγ
√
2
π
[
2
(
Tˆγ − nx
∆Tˆw
2
)
+
1
2
σˆ
(γ)
xx
]
, (52)
while the remaining boundary conditions associated with 2×G26 equations, (32) and (33), read (γ ∈ {α, β})
qˆ
(γ)
x = −nx
χγ
2 − χγ
√
2
π
[
2
(
Tˆγ − nx
∆Tˆw
2
)
+
1
2
σˆ
(γ)
xx +
5
28
Rˆ
(γ)
xx +
1
15
∆ˆγ
]
, (53)
mˆ
(γ)
xxx = nx
χγ
2 − χγ
√
2
π
[
2
5
(
Tˆγ − nx
∆Tˆw
2
)
− 7
5
σˆ
(γ)
xx −
1
14
Rˆ
(γ)
xx +
1
75
∆ˆγ
]
, (54)
where nx = 1 for the left plate while nx = −1 for the right plate, and ∆Tˆw = ∆T˜w/T0.
The above-mentioned systems of moment equations for the problem along with the above-mentioned boundary
conditions have been solved numerically using the finite differencemethod, for which the (dimensionless) gap between
the plates has been discretized into 101 equispaced points (or into 100 intervals of equal size). For discretization, the
central difference scheme at interior points while the forward and backward difference schemes at left- and right-
endpoints, respectively, have been employed. Further details on the numerical method are skipped here for the sake of
brevity but they can be found in Section 7.1 of Reference [23]. The method gives solutions within a few seconds for
both the interaction potentials.
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RESULTS
Following [1], we shall compute the dimensionless total heat flux between the plates qˆx, given by,
qˆx =
qx√
2 n0kT0v0∆Tˆw
=
√
µαx
0
α + µβx
0
β
2
 x0α√µα qˆ(α)x +
x0
β√
µβ
qˆ
(β)
x
 1
∆Tˆw
(55)
for three noble gas mixtures: neon–argon (Ne–Ar), helium–argon (He–Ar) and helium–xenon (He–Xe) through the
2×G13 and 2×G26 equations, both forMM andHS, and compare the results with those in [1]—obtained by solving the
Boltzmann–McCormack kinetic equation by the discrete velocitymethodwith an implementation of the so-called real-
istic interaction potential. The dimensionless heat flux is taken in the form of (55) in order to compare our results with
those in [1]. The diffuse scattering boundary conditions considered in [1] correspond to the boundary conditions with
accommodation coefficients χα = χβ = 1. It should also be noted that the rarefaction parameter δ = LkT0n0/(
√
2 ηv0)
used in [1] relates to the Knudsen number (47)1 by Kn = 1/(
√
2 δ), which leads to an expression for the viscosity of
a binary gas mixture
η =
5
16
√
π
√
kT0m(
x0αΩ
(2,2)
αα + x
0
β
Ω
(2,2)
ββ
) . (56)
This expression gives reasonable agreement with viscosities of binary gas mixtures obtained through experimental
data at 300K given in [48]. Nevertheless, a viscosity formula for binary gas mixtures can also be obtained through
a rigorous Chapman–Enskog expansion on the moment equations, see [24]. The mixtures considered are in order of
small-to-large mass differences and the molecular masses of the gases constituting these mixtures are mHe = 4.0026,
mNe = 20.1791, mAr = 39.948, mXe = 131.293 in atomic units. The ratios Ωα and Ωβ for these mixtures are given in
Table 1, see [23].
TABLE 1. Ratios Ωα and Ωβ
Mixture Ωα Ωβ
Ne–Ar 0.6907 1.3664
He–Ar 0.5631 1.5615
He–Xe 0.3843 1.9046
Figures 2 and 3 illustrate the variation of the total heat flux with change in mole fraction of the lighter gas in each
mixture for Kn = 0.0707 (δ = 10) and Kn = 0.7071 (δ = 1), respectively. The small circles in Figures 2 and 3 denote
the data from [1] obtained by solving the Boltzmann–McCormack kinetic equation by the discrete velocity method
with an implementation of the realistic interaction potential. The red, blue and green colors (for small circles as well
as for the lines) in each figure correspond to results for Ne–Ar, He–Ar and He–Xe mixtures, respectively. Moreover,
in both Figures 2 and 3, the top and bottom rows exhibit the solutions for MM and HS, respectively, whereas the left
and right columns display the solutions from 2×G13 equations and 2×G26 equations, respectively. From Figures 2
and 3, the following points are deduced.
1. The total heat flux of the mixture increases with increasing rarefaction. All types of Grad moment system under
consideration for both MM and HS confirm this. A detailed quantitative comparison of the total heat fluxes,
even for high Knudsen numbers, in case of 2×G26 equations with MM can be found in [22]. It should also be
noticed that although both Grad moment systems (2×G13 as well as 2×G26) for MM overestimate the actual
results in general, the results from them are not very far from those of [1].
2. In general, the results obtained through 2×G26 equations—in comparison with those obtained through 2×G13
equations—are closer to the results of [1].
3. In case of MM (top row in each figure), the results are closer to those from [1] when the mixture is less rarefied,
i.e., for the smaller Knudsen number (Kn = 0.0707). This means that as rarefaction increases, the results starts
deviating more from the actual ones. Consequently, it might be necessary to include more and more moments
into the system with increasing rarefaction.
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Ne-Ar
He Ar
He-Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.1
0.2
0.3
0.4
2×G13, MM Ne-Ar
He Ar
He-Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.1
0.2
0.3
0.4
2×G26, MM
Ne-Ar
He Ar
He-Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.1
0.2
0.3
0.4
2×G13, HS Ne-Ar
He Ar
He-Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.1
0.2
0.3
0.4
2×G26, HS
FIGURE 2. Dimensionless total heat flux qˆx plotted over the mole fraction of the lighter gases x
0
α in the mixtures of Ne–Ar, He–Ar
and He–Xe for Kn = 0.0707. The circles denote the data from [1] obtained using realistic potential. The top and bottom rows of
the figure depict the solutions for MM and HS, respectively, whereas the left and right columns show the solutions through 2×G13
equations and 2×G26 equations, respectively.
Ne-Ar
He-Ar
He Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.4
0.6
0.8
1.0
1.2
2×G13, MM Ne-Ar
He-Ar
He Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.4
0.6
0.8
1.0
1.2
2×G26, MM
Ne-Ar
He-Ar
He Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.4
0.6
0.8
1.0
1.2
2×G13, HS Ne-Ar
He-Ar
He Xe
0.0 0.2 0.4 0.6 0.8 1.0
0.4
0.6
0.8
1.0
1.2
2×G26, HS
FIGURE 3. Same as Figure 2 but for Kn = 0.7071.
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4. On the contrary, the results in case of HS (bottom row in each figure) match very well with those from [1]
when the mixture is more rarefied (Figure 3) whereas when the mixture is less rarefied the results from the
moment equations underestimate the actual results significantly, although the qualitative behaviour of the former
remains very similar to the latter. It is also clear from the bottom row of Figure 2 that the most significant
difference in results from moment equations and those from [1] is for He–Xe mixture, which is the case of large
mass differences; for small mass difference (Ne–Ar), the two results match quite well when the rarefaction is
small (Kn = 0.0707). In other words, for small rarefaction and HS (bottom row of Figure 2), the deviation
in results from the moment equations and the actual results increases with increasing mass differences in the
mixture. In fact, the authors of [1] have also pointed out that in the hydrodynamic/slip-flow regime, i.e., when
Kn . 0.0707, the total heat flux computed with HS can deviate up to 15% from that computed with realistic
potential whereas in the transition regime, i.e., when Kn & 0.7071, the difference in heat flux computed with
HS and that computed with realistic potential remains less than 5%.
5. Similar to [1], the results from all types of moment equations under consideration also confirm that the maxi-
mum heat flux is observed when the mole fraction of the lighter gas in the mixture is around 0.62.
CONCLUSION
We studied the problem of heat transfer in two-component gas mixtures of noble (monatomic) gases confined between
two infinite parallel plates having different temperatures through the Grad moment equations for MM and HS. We
found that the results from the moment systems under consideration agree with those from [1], at least qualitatively,
including the results for HS at Kn = 0.0707 (bottom row of Figure 2). Still, possible reasons for the deviations in
the results are the use of an interaction potentials based on MM and HS which influence the form of the productions
terms in the moment system, and the use of a simplified expression for the mean free path (47)2 implying the viscosity
formula (56). It may also be inferred from Figures 2 and 3 as well as from the above discussion that as an alternative to
the realistic potential, the Maxwell interaction potential could be a preferable choice over the hard-sphere interaction
potential in the hydrodynamic/slip-flowregimewhile the hard-sphere interaction potential could be a preferable choice
over the Maxwell interaction potential in the transition regime. Thus, the moment equations for gas mixtures provide
an enticing and reliable framework as an alternative to the computationally expensive methods.
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